To compare the sensitivity of the TonoLab rebound tonometer with the Tono-Pen in awake Brown Norway rats and to compare their ability to predict optic nerve damage induced by experimental IOP elevation. METHODS. TonoLab and Tono-Pen tonometers were calibrated in cannulated rat eyes connected to a pressure transducer. The TonoLab was used in awake animals housed in standard lighting to measure IOP during light and dark phases. Both instruments were used to monitor chronically elevated IOP produced by episcleral vein injection of hypertonic saline. Measured IOPs were correlated with quantified optic nerve damage in injected eyes. RESULTS. Although they were lower than transducer and TonoPen measurements at all levels, TonoLab readings showed an excellent linear fit with transducer readings from 20 to 80 mm Hg (R 2 ϭ 0.99) in cannulated eyes. In awake animals housed in standard lighting, the TonoLab documented significantly higher pressures during the dark phase (27.9 Ϯ 1.7 mm Hg) than during the light phase (16.7 Ϯ 2.3 mm Hg). With elevated IOP, correlation between TonoLab and Tono-Pen readings (R 2 ϭ 0.86, P Ͻ 0.0001) was similar to that in cannulated eyes. Although both instruments provided measurements that correlated well with optic nerve injury grade, only the Tono-Pen documented significant IOP elevation in eyes with the least amount of injury (P Ͻ 0.05). CONCLUSIONS. The TonoLab is sensitive enough to be used in awake Brown Norway rats, though instrument fluctuation may limit its ability to identify significant pressure elevations in eyes with minimal optic nerve damage. (Invest Ophthalmol Vis Sci.
Of the major risk factors for glaucoma, elevated intraocular pressure (IOP) remains the best known, and major trials suggest that lowering IOP has an important role in reducing the development of glaucomatous optic nerve damage in patients with ocular hypertension and in minimizing progressive vision loss in patients with early and advanced glaucoma. [3] [4] [5] [6] However, even in these studies, glaucoma continued to progress in some patients even after the desired level of pressure control was achieved. Thus, there remains a need for methods to preserve vision that can be used to augment traditional pressure control therapies.
To this end, significant interest has developed in understanding the mechanisms of glaucomatous optic neuropathy. Although several models have been used, those that rely on IOP elevation are immediately applicable to most patients with glaucoma. Such models, originally developed in primates, 7, 8 are anatomically relevant for the disease in humans. 9 -11 However, these models are unfeasible for research requiring large numbers of animals, such as cell biology studies and preclinical in vivo evaluations of prospective neuroprotective agents.
In the past 15 years, investigators have developed more cost-effective models of chronically elevated IOP in rodents, incorporating a wide array of experimental methods. [12] [13] [14] [15] [16] Recently developed genetic models and experimental techniques to elevate IOP in mice have further improved the potential for understanding the mechanisms of damage from elevated IOP. [17] [18] [19] All these models require accurate, reproducible, and noninvasive measurement of IOP. For more than a decade, the Tono-Pen (Mentor, Norwell, MA) has been used for this purpose in rats. Although initially used with general anesthesia, 20, 21 we later showed that the Tono-Pen could provide meaningful data in awake animals, with enough sensitivity to identify even subtle, circadian fluctuations in IOP. 22 Measuring IOP in awake animals avoids the pressure-lowering effects of general anesthesia 23 and the possibility of overlooking abnormally large changes in IOP. 24 It has been possible to correlate a range of elevated pressures with optic nerve damage and alterations in a variety of cellular retinal and optic nerve head responses. 13,24 -31 However, the Tono-Pen requires extensive operator experience. 20 In addition, though it has been adapted to the mouse eye, use in mice is difficult and remains controversial. 32, 33 Several years ago, rebound tonometry was introduced. This method relies on the propulsion of a lightweight magnetized probe against the cornea by a solenoid. Several motion parameters, including the deceleration of the probe as it strikes the cornea, are then analyzed and used to calculate IOP. 34, 35 Prototype instruments have been used to measure IOP in rats, 36, 37 mice, 38 -40 and humans. 41 The TonoLab (Colonial Medical Supply, Franconia, NH), a rebound tonometer designed specifically for rodents, is now commercially available. Wang et al. 42 have shown the accuracy of this instrument in cannulated eyes connected to a pressure transducer for Wistar rats and four strains of mice and have demonstrated methods for using it in awake animals. Pease et al. 43 have corroborated these findings in anesthetized rats and C57/BL6 mice and directly compared TonoLab with Tono-Pen readings in rat eyes with laser-induced IOP elevation.
Extensive analysis of the sensitivity and reliability of the TonoLab in awake rats is lacking, and no reports are available on the performance of this instrument in the Brown Norway rat, an animal widely used in modeling glaucomatous optic nerve injury. 12,25,44 -50 In this study, we compared the sensitivity and reliability of the TonoLab with the Tono-Pen in awake Brown Norway rats. For sensitivity, we compared the ability of these two instruments to detect subtle diurnal IOP fluctuations in normal eyes and their ability to document IOP elevation in eyes with experimental obstruction of aqueous humor outflow. In addition, we compared the ability of TonoLab readings to predict optic nerve damage in eyes with various levels of IOP elevation with that of the Tono-Pen, providing an independent corroboration of the reliability of readings generated by this instrument when used in glaucoma research.
METHODS
All experiments complied with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Tonometer Calibrations
Adult Brown Norway rats were anesthetized by intraperitoneal injection of 1 mL/kg of 5 mL ketamine (100 mg/mL), 2.5 mL xylazine (20 mg/mL), 1 mL acepromazine (10 mg/mL), and 1.5 mL sterile water. Anterior chambers were cannulated with a blunted 23-gauge needle and were simultaneously attached to a Hamilton syringe (Hamilton Company, Reno, NV) with screw plunger for adjusting IOP and a pressure transducer connected to a chart recorder, as described previously. 20 The transducer was calibrated to a manometer before each calibration. IOP was then manually adjusted by one experimenter using the screw plunger on the Hamilton syringe in 5-mm Hg increments, and tonometer readings were taken and recorded at each increment by a second experimenter masked to the transducer IOP. Previous work with this arrangement has demonstrated that intraocular pressure responds immediately to changes in transducer pressure. 20 Fourteen calibrations in separate eyes were performed with the TonoLab. In eight of these eyes, calibrations were also performed with the Tono-Pen XL.
The TonoLab takes six measurements deemed reliable by internal software and, after elimination of high and low readings, generates and displays an average. 43 For the purpose of our study, we considered this machine-generated average as one reading and have designated it the machine-generated reading throughout this article. For each time point, we recorded multiple machine-generated readings in each eye. An average of these readings was then calculated and is reported as calculated mean IOP. The Tono-Pen, in contrast, produces individual readings along with instrument-generated averages. Because these averages are unreliable, 20 valid individual readings were collected each time and were used to calculate the mean IOP.
For TonoLab IOP measurements, the instrument was clamped to a ring stand with the probe oriented horizontally, and the animal was placed at the edge of an adjustable table, as described by Wang. 42 Animals were positioned, and the height of the table was adjusted to locate the probe tip at the center of the cornea, poised 2 mm from its surface. Actual IOP, as measured by the transducer, was increased from 10 to 100 mm Hg in 5-mm Hg increments, and at least five machinegenerated readings were recorded for every IOP setting.
For the Tono-Pen, IOP was varied from 10 to 70 mm Hg in 5-mm Hg increments, and every valid reading was recorded for a total of 10 readings for each pressure level. We have previously determined that, when used on the rat eye, valid TonoPen readings are those that are displayed immediately after instrument contact with the eye with force sufficient to move the eye slightly posteriorly. Readings that occur after only slight contact with the eye (without causing eye movement) are unreliable. "Off" readings (those that occur when the TonoPen tip breaks contact with the eye) are also invalid, as are instrument-generated averages, because the instrument itself is unable to eliminate "off" and other invalid readings from this average. 20 For each instrument, calculated mean IOP at each pressure level was compared with the transducer IOP.
TonoLab IOP Measurements in Awake Animals under Standard Light-and Dark-Phase Lighting Conditions
Six rats were housed in a room illuminated by fluorescent lights (330 lux) that were turned on and off automatically every 12 hours; lights were on from 1:00 AM to 1:00 PM (light phase) and off from 1:00 PM to 1:00 AM (dark phase). Light-phase IOPs were determined 2 hours before the onset of the dark phase, and dark phase readings were taken 2 hours after the lights were turned off. Dark-phase measurements were performed using a Bright Lab Junior bulb (C P M Inc., Dallas, Texas) to avoid influencing the circadian rhythm. These conditions duplicated those used in a previous evaluation of the Tono-Pen to detect circadian fluctuation in IOP. 22 IOP was measured under light and dark conditions periodically for both eyes over a 45-day period.
All TonoLab measurements were performed without general or topical anesthesia. The animal was gently restrained by hand, and five machine-generated readings were recorded at each session and used to determine the calculated mean IOP for that time point.
Awake IOP Measurements after Experimental Aqueous Humor Outflow Obstruction
Forty-three animals were kept in low-level constant light, with lights on 24 hours a day at 40 to 90 lux, to minimize circadian fluctuations in IOP. 13, 51 One eye of each animal received an episcleral vein injection of 50 L of 1.75 M hypertonic saline solution to scar the aqueous humor outflow pathway, as described previously.
12 Awake IOPs were measured in both eyes using the TonoLab, as described, before injection and two to three times per week for 4 weeks after injection. Tono-Pen measurements were taken at the same frequency with topical 0.5% proparacaine hydrochloride (Akorn, Buffalo Grove, IL) anesthesia. Calculated mean IOP was determined for each time point by averaging five machine-generated readings with the TonoLab and 10 valid individual readings with the Tono-Pen. Because the intervals between IOP readings for this group of animals were irregular (2-3 days), mean IOP over the experimental period was calculated from cumulative IOP (as determined by the area under the curve of IOP readings vs. days after injection with GraphPad Prism [GraphPad Software, La Jolla, CA]) divided by the total number of days after injection (28 days for 4 weeks).
After 4 weeks, animals were anesthetized and killed. Optic nerve segments 2 mm from the back of the globe were dissected, washed, postfixed, dehydrated, and embedded. Cross-sections were cut on a microtome and stained with 1% toluidine blue. Optic nerve sections from injected eyes were masked and assessed for damage by five independent observers using light microscopy. A grading scale of nerve injury ranging from 1 (normal) to 5 (degeneration involving the entire nerve cross-section) was used. 24 Each eye was assigned a grade of injury determined by calculating the mean of the five independent grade scores. Eyes with different degrees of damage were then grouped by severity, and the mean Tono-Pen and TonoLab IOPs of each group for the duration of observation were compared with the mean IOPs of their fellow, unoperated eyes.
Effect of Number of Pressure Readings on Pressure Determination with the TonoLab in Awake Animals
Given the relatively high fluctuation in TonoLab IOP readings, we also wanted to study the effect of using more than one machine-generated reading to calculate pressure determination. IOP data collected from 15 additional adult Brown Norway rats were used to determine the standard deviation of the calculated mean when using different numbers of machine-generated readings. These animals were housed in constant low-level light and received injections of hypertonic saline in one eye, as described. Awake IOP was then measured in both eyes (N ϭ 30) with the TonoLab two to three times per week for 5 weeks. Baseline IOP was determined in both eyes before the injection. At each time of IOP measurement, one set of 10 consecutive machine-generated readings was recorded, making a total of 488 sets of IOP readings over the whole experiment. For each set of 10 machine-generated readings, standard deviation was calculated for the first three readings and whenever another reading was added. 
Statistical Analysis

RESULTS
TonoLab and Tono-Pen Calibrations
Light-and Dark-Phase IOP Measurements with the TonoLab
For animals in light/dark conditions (standard lighting), the TonoLab documented distinctly higher pressure (ϮSD) during the dark phase (27.9 Ϯ 1.7 mm Hg) than during the light phase (16.7 Ϯ 2.3 mm Hg). The difference was highly statistically significant (P Ͻ 0.0001) and was in agreement with previous observations with the Tono-Pen. 22, 24, 51 Figure 2 illustrates IOP readings for one eye of all six animals over the 7-week observation period, demonstrating the distinct IOP difference between the two phases, with moderate fluctuation.
Constant Light IOP Measurements with TonoLab and Tono-Pen in Normal Eyes and in Eyes after Hypertonic Saline Injection
In low-level constant lighting, IOPs measured with the TonoPen over the period of observation in fellow (uninjected) eyes averaged 28.5 Ϯ 0.2 mm Hg, an excellent agreement with prior Tono-Pen experience. 13, 51 With the TonoLab, measured IOPs over the same time period in these eyes averaged 20.8 Ϯ 1.8 mm Hg. Figure 3 illustrates typical comparative readings for the Tono-Pen versus the TonoLab in the fellow eye of a single animal. For both instruments, measurements were roughly between the light-and dark-phase readings. However, the TonoLab readings under these conditions appeared more variable day to day compared with TonoPen readings. Further comparison of the variability between the two instruments for the entire group of fellow eye IOP determinations confirmed that variance with the TonoLab was greater than with the Tono-Pen to a highly statistically significant degree (F ϭ 4.4 ϫ 10 Ϫ30 ). Eyes with elevated IOP after hypertonic saline injection exhibited a range of pressure responses. As shown in Figure 4 , the correlation between mean IOP with the two instruments over the experimental period of 4 weeks was excellent (R 2 ϭ 0.86; P Ͻ 0.0001). The regression equation for this relationship was y ϭ 1.58x Ϫ 23.71. This was similar to the regression equation we obtained when we used the data shown in Figure  1 This group of eyes also demonstrated an array of optic nerve damage ranging from grades 1 through 5. When eyes were grouped by grade of optic nerve injury and then compared with mean IOP, both instruments provided IOP measurements that correlated well with optic nerve injury grade (Fig. 5) . Eyes with greater degrees of optic nerve injury were associated with significantly elevated IOP compared with fellow eyes for both instruments. However, in eyes with the least amount of injury (grades 2 to Ͻ3), only the Tono-Pen was capable of detecting significant elevations in IOP (P Ͻ 0.05) compared with IOP in fellow eyes. Although a slight increase in IOP was found with the TonoLab in this group, it was not statistically significant primarily because of the greater variability of pressure measurement with this instrument in fellow and experimental eyes.
Effect of Number of Pressure Measurements on Reliability with the TonoLab
A wide range of pressure levels was covered by this IOP data set. In fellow eyes, IOP readings averaged 21.1 Ϯ 4.2 mm Hg; in injected eyes, IOP readings varied from 8 to 73 mm Hg. The boxes-and-whiskers plot in Figure 6A illustrates the distribution of standard deviations and their changing trend with increased numbers of machine-generated IOP readings. For mean IOPs calculated from fewer machine-generated readings, standard deviations were more scattered and had higher maximal values than those based on higher numbers of readings. The 99th percentile and maximal values dropped steadily as the number of readings increased from three (99%, 9.3 mm Hg; maximum, 13.4 mm Hg) to seven (99%, 7.1 mm Hg; maximum, 9.3 mm Hg) and changed relatively little with higher numbers of readings.
To analyze the effect of the extent of IOP elevation on this relationship, we plotted the standard deviation of each of 10 readings against the mean IOP for all the injected eyes (Fig.  6B) . Representing chance variations, the standard deviation should be an indication of the precision of repeated measures. This clearly shows the relation of the standard deviation to the IOP level (y ϭ 0.07x ϩ 1.22; R 2 ϭ 0.37), with the largest variations associated with IOPs above 30 mm Hg.
DISCUSSION
In experienced hands, the Tono-Pen can provide meaningful IOP measurements in awake rats. 22, 25, 27, 29 This instrument requires operators with extensive experience because measurements can be influenced by the speed at which the probe contacts the eye. The operator must learn to distinguish valid from invalid readings. 20, 43 The TonoLab should eliminate a large source of this error because the probe is not manually propelled toward the eye, 43 thereby enhancing the learning curve for this instrument and providing more uniform measurements.
Although several reports assessing a rebound tonometer prototype have been published, 34 -37 only two are available that use the commercially available TonoLab in rats. 42, 43 Both found that the instrument calibrated favorably with pressures in cannulated eyes connected to a reservoir in rats and mice over a range of 10 to 50 mm Hg.
Our findings in Brown Norway rats provide additional insights into the advantages of the TonoPen, along with some limitations that have not been previously reported. Our cali- brations in cannulated eyes showed that TonoLab readings provide an excellent linear fit to actual IOP. However, in contrast to previous work, 42, 43 we found that average IOP readings with the TonoLab were 10 mm Hg less than actual IOP over the range of highest linear fit (Fig. 1) .
Another unexpected finding of our calibration studies was that, when actual IOP was brought below 20 mm Hg, TonoLab readings tended to flatten. This means that TonoLab pressure readings below 10 mm Hg do not correctly distinguish between actual pressures below 20 mm Hg. Fortunately, we and others 23, 51 have found that awake readings in this range do not occur in normal eyes in either a light/dark environment or in constant light. Thus, we would not expect this to be a limitation of this instrument in our hands.
Our Tono-Pen calibrations, performed in tandem with the TonoLab, were similar to our original calibrations 20 and to those reported by Pease 43 and, more recently, by Pang. 51 In all these studies, average Tono-Pen IOP yields only a mild underestimate of the actual IOP when pressure is set at 30 mm Hg (Fig. 1) . Given these similarities in Tono-Pen calibrations across studies, it seems unlikely that methodological differences would produce the TonoLab calibration differences noted in this article. In addition, the relationship between Tono-Pen and TonoLab readings in the current calibration experiments was close to that found over a range of elevated IOP in uncannulated eyes with experimental aqueous humor outflow obstruction (Fig. 4) , again suggesting that the cannulation itself did not induce a systematic error. All these considerations reinforce our contention that users should perform their own calibrations in the appropriate animals to understand the behavior of this instrument before they use it in experimental studies.
Previous TonoLab calibrations have been limited to pressures up to 50 mm Hg. 42, 43 However, electrophysiology experiments in anesthetized rats with acute IOP elevations show that retinal functions diminish from 30 to 50 mm Hg, with further nonspecific changes and slower functional recovery above 50 mm Hg. 52, 53 This suggests that detecting fluctuations of IOP above this level are important to avoid overlooking IOP high enough to produce injury through mechanisms unlikely to occur in chronic glaucoma. We have calibrated the TonoLab up to transducer pressures as high as 100 mm Hg and found that it has a range of best linear fit from 20 to 85 mm Hg actual pressure. This indicates that the TonoLab may be better suited for detecting pressures above this critical level than the TonoPen, which appears to have a practical limit of 60 mm Hg.
Our evaluation of awake animals in a normal light/dark cycle and under conditions of constant light further demonstrates the versatility of the TonoLab. We found that awake animals in light/dark conditions had a mean pressure of 16.7 Ϯ 2.3 mm Hg during the light portion of the cycle, which agrees well with Wang et al., 42 who noted a mean pressure of approximately 18 mm Hg during light in Wistar rats. However, we noted that pressures taken during the dark phase were significantly elevated to 27.9 Ϯ 1.7 mm Hg (P Ͻ 0.0001), confirming that, in awake rats, the TonoLab is just as capable as the Tono-Pen in detecting physiological, circadian variations in IOP 22 and provides a sensitive demonstration that its measurements are meaningful and valid. When animals were housed in constant light, we found a mean TonoLab reading of 20.8 Ϯ 1.8 mm Hg that was intermediate between the light-and darkphase readings, an observation previously demonstrated with the Tono-Pen by our laboratory and others. 13, 23, 51 Our comparison between the TonoLab and the Tono-Pen in normal, fellow eyes in constant light confirms that TonoLab readings are consistently lower than those of the Tono-Pen and illustrates that IOP readings with the TonoLab are more variable than with the Tono-Pen. This difference was found to be highly statistically significant. It is possible that this variability results from the steeper relationship between measured and actual IOP with the TonoLab (illustrated in Fig. 1 ) and its greater sensitivity to modest pressure fluctuations. Our assessment of the impact of number of consecutive readings on mean IOP (Fig. 6) suggests that averaging multiple instrumentgenerated averages could help minimize, but not eliminate, this problem, which appears to increase in eyes with elevated IOP.
Overall, we found a high degree of correlation between TonoLab and Tono-Pen readings in eyes after hypertonic saline injection, as shown in Figure 4 . In addition, TonoLab IOP measurements correlated well with optic nerve injury grade, suggesting that this instrument should be useful for predicting optic nerve injury, even though measured IOP is consistently lower than actual IOP.
In the group of eyes with the least amount of optic nerve injury, however, the mild elevation in IOP determined by the TonoLab was not significantly greater than that of the uninjected fellow eyes, whereas that observed with the Tono-Pen was significant. This is likely the result of the greater variability with the TonoLab pressure measurements in fellow eyes compared with those of the Tono-Pen and may have significant bearing on the future usefulness of this instrument for neuroprotection studies or other work that requires close assessment of the relationship between mild increases in IOP and optic nerve damage. Although the use of increased numbers of machine-generated pressure readings should reduce this problem, our analysis of the impact of pressure measurement numbers (Fig. 6) suggests that this strategy has already been nearly fully exploited because these numbers represent the mean of a minimum of five readings. 
